Introduction
Influenza viruses are subdivided into types A, B, and C on the basis of antigenic differences between two internal proteins, the matrix protein and the nucleoprotein. In all three types the surface glycoproteins have sialic acid-binding activity and receptor-destroying activity. Binding to sialoglycoconjugates on the cell surface enables these viruses to initiate infection and to agglutinate erythrocytes. Enzymatic inactivation of receptors presumably facilitates the spread of infection. As far as the specificity of these two biological activities is concerned, influenza C viruses differ from type A and B viruses in several ways (reviewed by Herrler & Klenk, 1991) : (i) they recognize N-acetyl-9-O-acetylneuraminic acid rather than N-acetylneuraminic acid ; (ii) their receptor-destroying enzyme is an acetyl esterase rather than a neuraminidase ; (iii) unlike influenza A Author for correspondence : Georg Herrler.
Fax j49 511 953 8898. e-mail herrler!viro.tiho-hannover.de and B viruses, influenza C viruses contain only a single type of surface glycoprotein, which is responsible for both the receptor-binding and the receptor-destroying activity.
The surface protein of influenza C viruses has been designated HEF, because it is not only a haemagglutinin (HA) and an esterase, but also a fusion protein mediating the pHdependent fusion between the viral and the cellular membrane (Herrler et al., 1988) . The RNA segment containing the genetic information for HEF from several strains has been sequenced (Pfeifer & Compans, 1984 ; Buonagurio et al., 1985) . HEF is synthesized as a polypeptide of 655 amino acid residues with a molecular mass of 72 kDa and is translocated into the endoplasmic reticulum (ER). Cotranslational cleavage of the Nterminal signal peptide and glycosylation result in a protein of 80 kDa. Characteristic for the influenza C virus glycoprotein is a post-translation conformational rearrangement involving the formation of intramolecular disulfide bonds. The conformational change occurs within 10 min after synthesis of the protein. It is detected by an increase in the apparent molecular mass to 100 kDa when analysed by SDS-PAGE under non-reducing conditions, whereas under reducing conditions an 80 kDa band is observed, as is the case prior to the conformational change (Szepanski et al., 1994 
Methods
Reagents and enzymes. The following reagents were purchased from Sigma : α-naphthylacetate, 4-chloro-2-methylbenzenediazonium salt (Fast red TR salt), p-nitrophenylacetate (pNPA). The restriction endonucleases NheI and XhoI were obtained from MBI\Fermentas. T4 DNA ligase, acetone, methanol, Mowiol, BSA and ethidium bromide were obtained from Boehringer Mannheim. A fluorescein-conjugated porcine antibody against rabbit immunoglobulins was purchased from Dakopatts. Biotinylated goat immunoglobulins directed against rabbit immunoglobulins, a streptavidin-conjugated peroxidase complex, the ECL detection reagent and protein molecular mass markers were purchased from Amersham Buchler.
Cells and virus.
Subline I of Madin-Darby canine kidney (MDCK) cells was grown as previously described (Szepanski et al., 1992) . COS7 and 293 cells were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10 % foetal calf serum (FCS) and 5 mM glutamine. Strain Johannesburg\1\66 (JHB\1\66) of influenza C virus was grown in MDCK I cells as described previously (Herrler & Klenk, 1987) .
Primers. The following primers were used :
(1) pHEF/S-Nhe. 5h CAACATGCTAGCATAATGTTTTTCTCATTA-CTC 3h. The 18 3h-terminal nucleotides correspond to the start of the HEF open reading frame (ORF) in antigenomic polarity. The 5h-terminal nucleotides introduce an NheI restriction site.
(2) pHEF/HA(Tail)-AS-Xho. 5h TATTGCTCGAGTTATATACAAATA-GTGCACCGCATGTTTCCGTTCTTGCAGATGGCGATCCCAGA-GATCAC 3h. Nucleotides 48-71 correspond in genomic polarity to that part of the HEF gene encoding the transmembrane (TM) domain at the border of the cytoplasmic tail. Nucleotides 12-47 correspond to that part of the influenza A virus HA gene encoding the cytoplasmic tail. The 5h-terminal nucleotides introduce an XhoI restriction site. Recombinant DNA methods. The nucleotide and amino acid numbering used in this paper is based on the published sequence of the HEF protein of influenza C\JHB\1\66 as reported by Pfeifer & Compans (1984) . The cloning of the HEF ORF into the Bluescript KSj vector (BSKS) has been described previously (Pleschka et al., 1995) . An HEF-HA(Tail) chimaera was constructed by PCR using Pfu DNA polymerase (Stratagene) and the BSKS-HEF construct as a template. A new NheI restriction site was inserted into the HEF gene by the PCR primer pHEF\S-Nhe (sense primer) corresponding to the first 18 nucleotides of the HEF ORF. The cytoplasmic tail of HEF was replaced by the cytoplasmic domain of HA by using a second PCR primer pHEF\HA(Tail)-AS-Xho (antisense primer). This oligonucleotide consisted of sequences corresponding to the last eight codons of the HEF TM domain and the sequence encoding the cytoplasmic tail of HA. Furthermore, a new XhoI restriction site was inserted. The PCR product was visualized by ethidium bromide staining in 1 % agarose gels, isolated from the reaction mixture using a PCR purification kit (Boehringer Mannheim) and digested with NheI and XhoI. Subsequently, the HEF-HA(Tail) fragment was ligated to the eukaryotic expression vector pCEP4 (Invitrogen) using standard procedures (Sambrook et al., 1989) .
A second HEF-HA chimaera containing the HEF ectodomain and the TM domain as well as the cytoplasmic tail of HA was synthesized by recombinant PCR. First the selected HEF and HA gene fragments were amplified in separate reactions. Using suitable PCR primers both fragments contained extensions with sequences of the partner fragment (see above). Both fragments were hybridized in one cycle of a pre-PCR reaction (94 mC for 1 min, 60 for 1 min, 72 mC for 7 min). The resulting DNA was amplified using two external primers. The two primers pHEF\S-Nhe and pHEF(Ecto)\HA(TM)-AS were used to synthesize the HEF ectodomain of the HEF-HA(TM\Tail) chimaera. The oligo-Influenza C virus HEF intracellular transport Influenza C virus HEF intracellular transport nucleotides pHEF(Ecto)\HA(TM)-S (sense primer) and pHA(Tail)-ASXho (antisense primer) were used to generate the sequence encoding the TM\tail region of the HA of influenza A virus. The corresponding DNA chimaera was amplified using the external primers pHEF\S-Nhe (sense primer) and pHA(Tail)-AS-Xho (antisense primer) that inserted an NheI and an XhoI restriction site into the pCEP4 vector for cloning.
The third HEF chimaera, HEF-gp40(TM\Tail) contained the HEF ectodomain and the membrane anchor and the cytoplasmic tail of gp40, a receptor protein for influenza C virus from MDCK I cells (Zimmer et al., 1995) . The reaction steps for synthesizing this construct corresponded to the procedure described above. The primers pHEF\S-Nhe and pHEF(Ecto)\gp40(TM)-AS were used to synthesize the HEF ectodomain of the HEF-gp40 chimaera. The primers pHEF(Ecto)\gp40(TM)-S and pGP40(Tail)-AS-Xho were used to synthesize the TM\tail coding region of gp40. The DNA chimaera obtained was amplified using pHEF\S-Nhe and pGP40\(Tail)-AS-Xho.
Infection and transfection. Semiconfluent monolayers of MDCK cells were infected with influenza C virus at an m.o.i. of 10 for 1 h at 33 mC. The inoculum was removed and the cells were cultured at 33 mC in MEM without FCS. For transient expression of the cloned HEF chimaera, MDCK, 293 or COS7 cells were transfected using the calcium phosphate method. At 48 h post-infection (p.i.) or post-transfection, the cells were analysed for HEF expression by indirect immunofluorescence, Western blotting or esterase assays, respectively.
Indirect immunofluorescence.
At 48 h after infection or transfection, respectively, cells grown on coverslips were fixed with acetone : methanol (1 : 1, v\v) for intracellular fluorescence. The first antibody (rabbit antiserum raised against C\JHB\1\66, diluted 1 : 100 in PBS containing 1 % BSA) and the second antibody (fluoresceinconjugated porcine immunoglobulins directed against rabbit immunoglobulins, diluted 1 : 100) were incubated with the cells for 45 min. After each step, unbound antibodies were washed away, and coverslips were mounted in Mowiol. Cells were examined under a microscope (Zeiss, Axiophot) with UV optics and the results were recorded photographically at i400 magnification. For surface fluorescence, cells were incubated with the first antibody prior to fixation with acetone : methanol (1 : 1, v\v).
SDS-PAGE and Western blotting.
Proteins were analysed by SDS-PAGE using 10 % gels. In some cases samples were exposed to reducing conditions by addition of mercaptoethanol to the sample buffer. Western blotting was carried out as described previously (Zimmer et al., 1995) using the following antibodies : α1\66, biotinylated goat immunoglobulins against rabbit immunoglobulins, and a streptavidin-conjugated peroxidase complex. Bound antibodies were visualized with the ECL detection system. Haemadsorption assay. Dishes (60 mm) containing MDCK I cells either infected with influenza virus (48 h p.i.) or transfected with the HEF-HA(Tail) chimaera (48 h post-transfection) were washed twice with PBS and incubated for 30 min at 4 mC with a 0n5 % suspension of rat blood cells. Unadsorbed erythrocytes were removed by rinsing the cells several times with PBS. Rat serum and bovine submandibulary mucin served as competitive inhibitors (Herrler et al., 1985 ; Kitame et al., 1985) .
Hydrolysis of synthetic acetyl esterase substrates. The HEF esterase activity was determined by incubation of transfected cells with pNPA at room temperature as described previously (Vlasak et al., 1987) . Hydrolysis of this substrate was monitored by measuring the increase in optical density at 405 nm. Alternatively, cells were incubated with a filtered solution of PBS containing 1 mM α-naphthyl acetate and 0n1% (w\v) 4-chloro-2-methylbenzenediazonium salt. The esterase reaction was stopped after 15 min at room temperature by rinsing the cells with water. The assay with α-naphthyl acetate was used to detect the esterase activity of both cells attached to cell culture dishes and proteins blotted to nitrocellulose membranes (Zimmer et al., 1995) .
Results

Surface expression of different HEF chimaeras
A striking feature of the influenza C virus glycoprotein is the short cytoplasmic tail comprising only three amino acid residues, two of which are positively charged (Arg-Thr-Lys). In order to analyse the importance of this short stretch for the surface transport, several HEF chimaeras were generated by PCR mutagenesis and recombinant PCR (Fig. 1) .
In the first mutant, HEF-HA(Tail), the tail of HEF was replaced by the cytoplasmic domain of the HA of fowl plague virus. In two other mutants, both the membrane anchor and the cytoplasmic tail were replaced by the corresponding domains of influenza A virus HA, HEF-HA(TM\Tail), or the membrane protein gp40 from MDCK I cells, HEF-gp40(TM\Tail). The DNA chimaeras were subcloned into pCEP4 and transiently expressed in MDCK I cells. The transport to the cell surface was analysed by indirect immunofluorescence. Cells infected by influenza C virus or transfected with the HEF wild-type gene were used as controls. As shown in Fig. 2 , when cells expressing HEF-HA(Tail) were analysed for surface expression, a granular pattern was obtained similar to that observed with virus-infected cells. On the other hand, no surface fluorescence was detectable in the case of the HEF wild-type protein. Thus, the substitution of the HA cytoplasmic tail for the HEF tail was sufficient to obtain surface expression of this viral glycoprotein. The surface expression pattern of the other chimaeras, HEF-HA(TM\Tail) and HEF-gp40(TM\Tail), resembled that of the HEF-HA(Tail) mutant. This result indicates that the cytoplasmic tail of HEF adversely affects the transport to the cell surface. As replacement of the membrane anchor in addition to the cytoplasmic tail did not result in an increased surface expression, the following studies were performed only with the HEF-HA(Tail) mutant.
In order to examine the distribution of the HEF-HA(Tail) chimaera in other eukaryotic cells, MDCK II, 293 and COS7 cells were transfected with the construct pCEP4-HEF-HA(Tail). The distribution of the chimaera was again monitored by indirect immunofluorescence. In MDCK II and 293 cells the mutant protein was found on the cell membrane, whereas in COS7 cells only intracellular fluorescence was detectable (data not shown). The wild-type protein is not transported to the cell surface in any of these cells. Upon virus infection HEF protein is expressed on the cell surface of all three cell lines.
Maturation of HEF-HA(Tail)
In order to analyse whether HEF-HA(Tail) is subject to a post-translational folding process in a similar way to the HEF protein in virus-infected cells, cell lysates from transfected cells were subjected to SDS-PAGE and Western blotting. As shown in Fig. 3 , under non-reducing conditions both in virusinfected cells (lane 2) and in HEF-HA(Tail)-transfected cells (lane 3), both an 80 kDa and a 100 kDa form of the HEF protein were observed. The 100 kDa form represents HEF protein after the folding process. The 80 kDa form may represent HEF ! prior to the folding process or HEF ",# protein, i.e. HEF protein that after folding has been proteolytically cleaved into the subunits HEF " and HEF # . In virus-infected cells, under reducing conditions a distinct band of HEF " was detected in addition to the 80 kDa form of uncleaved HEF (lane 4). In HEF-HA(Tail)-transfected cells, on the other hand, only the 80 kDa protein was detected (lane 5). As no HEF " was found in the reduced sample, the 80 kDa band in the nonreduced sample is not HEF ",# , but rather HEF protein that has not undergone the conformational change to the 100 kDa form.
Esterase activity of the HEF-HA(Tail) chimaera
The esterase function of HEF can be demonstrated not only with the receptor determinant of influenza C virus, N-acetyl-9-O-acetylneuraminic acid, as substrate but also with synthetic low molecular weight O-acetylesters like pNPA (Vlasak et al., 1989 ; Szepanski et al., 1992) . This chromogenic esterase substrate was used to analyse whether the HEF-HA(Tail) chimaera exhibits esterase activity. Transfected cells were incubated with pNPA for 10 min at room temperature. As shown in Fig. 4 , significant esterase activity was observed with HEF-HA(Tail)-transfected cells. On the other hand, the increase in the optical density at 405 nm obtained with cells transfected with the wild-type HEF gene was negligible compared to mock-transfected cells, though the wild-type protein and the chimaeric protein were expressed at comparable levels (not shown).
In another approach, α-naphthyl acetate and Fast red were used to analyse cells in situ for esterase activity. In this assay, we observed an intense staining of cells infected by influenza C virus (Fig. 5) . Red-coloured cells were also obtained after transfection with the HEF-HA chimaera. However, the number This assay was also applied to proteins blotted onto nitrocellulose following SDS-PAGE of cell lysates. As shown in Fig. 6 , the HEF protein from virus-infected cells displayed two red-coloured bands, the 80 kDa and the 100 kDa form of HEF (lane 1). The esterase-positive 80 kDa band represents the proteolytically cleaved mature form of HEF (HEF ",#
). The 80 kDa form of HEF that is observed prior to the maturation folding does not show any esterase activity (Szepanski et al., 1994) . In the case of the HEF-HA(Tail) chimaera, only a faint staining of the 100 kDa band was observed (lane 2). The difference in the staining intensity between infected and transfected cells is due to the fact that in the transfected sample both the expression level and the number of positive cells are lower. No staining was detectable with cells transfected with the wild-type gene (lane 3) and with mock-transfected cells (lane 4).
The HEF-HA(Tail) chimaera exhibits haemadsorption activity
In order to analyse the HEF-HA chimaera for receptorbinding activity, a haemadsorption assay was performed. At 48 h p.i or post-transfection, cells were incubated with a suspension of rat erythrocytes and, after removing unadsorbed erythrocytes, analysed for haemadsorbing cells. In the case of virus-infected cells, erythrocytes were observed on a large number of cells. Haemadsorption-positive cells were also detected in the HEF-HA-transfected sample (not shown). Because of the lower expression level and the lower transfection efficiency the number of haemadsorbing cells was much lower than in the case of virus-infected cells. No haemadsorption was obtained with mock-infected cells. Both rat serum and bovine submandibulary mucin, two known haemagglutination inhibitors, completely prevented the binding of rat erythrocytes to virus-infected or HEF-HA(Tail)-transfected cells, indicating that the haemadsorption was the result of the receptor-binding activity of HEF. 
Discussion
Detailed analysis of the three biological activities of HEF is hampered by the difficulties in obtaining a functional protein after expression of the cloned gene. In a previous study, expression of the HEF gene in MDCK cells resulted in the synthesis of some protein with esterase activity (Pleschka et al., 1995) . The amount of functional protein was, however, so low that it had to be concentrated to enable characterization of the enzymatic activity. The level of surface expression was not sufficient to analyse the receptor-binding activity by a haemadsorption assay.
A critical point in the formation of the native protein appears to be a folding process in the ER. A conformational change of glycoproteins prior to leaving the ER is a common feature of many proteins destined to travel to other intracellular organelles or to the cell surface (Zhang et al., 1997) . In the case of HEF, the conformational change appears to be especially pronounced, because it results in a dramatic decrease of the electrophoretic mobility under non-reducing conditions (Herrler et al., 1979) . Vector-expressed HEF protein is not converted from the 80 kDa form to the 100 kDa form and is retained in the ER (Szepanski et al., 1994) . Our results show that the transport problem is, at least in part, due to the short cytoplasmic tail of HEF. Replacing the three C-terminal amino acids Arg-Thr-Lys of HEF with the tail of a viral or a cellular glycoprotein resulted in surface expression of the chimaeric proteins. As shown for the HEF-HA(Tail) construct, the protein was expressed on the cell surface in a functional form. Both the receptor-binding and the receptor-destroying activity were demonstrated by esterase and haemadsorption tests. A substantial amount of the HEF-HA(Tail) protein was present in the 100 kDa form, and only this portion was esterase-active. Therefore, we conclude that folding of HEF in the ER is essential for both formation of the functional domains and transport to the cell surface. The expression level of our transient expression system was not considered high enough to analyse the fusion activity of HEF.
In virus-infected cells, the folding of HEF to the 100 kDa form is detected at 10 min and is completed within 30 min after synthesis (Szepanski et al., 1994) . How this is accomplished is not known at present. As efficient folding of HEF is observed only in the context of a virus infection, it is reasonable to assume that other viral proteins exert a cooperative effect. Such a protein might interact with the short cytoplasmic tail. In this way it may not only eliminate the negative effect of the three C-terminal amino acids but may also positively affect the folding of HEF into the mature form. We considered the matrix protein to be a likely candidate for such an accessory protein.
Coexpression of HEF and the matrix protein did not, however, improve the surface expression of HEF (data not shown). Thus, the factors that are required to make HEF transport-competent are still unknown.
A peculiarity of HEF is its acylation with stearic acid, while the influenza A virus HA and most other acylated viral proteins contain palmitic acid (Veit et al., 1990) . The acylation site of HEF is a cysteine residue that is located next to the cytoplasmic tail. Substitution of the HA tail for the HEF tail has been reported to result in a protein that is palmitoylated (Veit et al., 1996) . Whether the stearic acid of HEF also contributes to the negative effect of the short cytoplasmic tail is not known. In the search for an accessory protein, one should keep in mind that such a chaperon might interact not only with the positively charged amino acids of the cytoplasmic tail but also with the fatty acid.
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